Wallace BK, Jelks KA, O'Donnell ME. Ischemia-induced stimulation of cerebral microvascular endothelial cell Na-K-Cl cotransport involves p38 and JNK MAP kinases. Am J Physiol Cell Physiol 302: C505-C517, 2012. First published November 2, 2011; doi:10.1152/ajpcell.00261.2011.-Previous studies have provided evidence that, in the early hours of ischemic stroke, a luminal membrane blood-brain barrier (BBB) Na-K-Cl cotransporter (NKCC) participates in ischemia-induced cerebral edema formation. Inhibition of BBB NKCC activity by intravenous bumetanide significantly reduces edema and infarct in the rat permanent middle cerebral artery occlusion model of ischemic stroke. We demonstrated previously that the BBB cotransporter is stimulated by hypoxia, aglycemia, and AVP, factors present during cerebral ischemia. However, the underlying mechanisms have not been known. Ischemic conditions have been shown to activate p38 and JNK MAP kinases (MAPKs) in brain, and the p38 and JNK inhibitors SB-239063 and SP-600125, respectively, have been found to reduce brain damage following middle cerebral artery occlusion and subarachnoid hemorrhage, respectively. The present study was conducted to determine whether one or both of these MAPKs participates in ischemic factor stimulation of BBB NKCC activity. Cultured cerebral microvascular endothelial cell NKCC activity was evaluated as bumetanide-sensitive 86 Rb influx. Activities of p38 and JNK were assessed by Western blot and immunofluorescence methods using antibodies that detect total vs. phosphorylated (activated) p38 or JNK. We report that p38 and JNK are present in cultured cerebral microvascular endothelial cells and in BBB endothelial cells in situ and that hypoxia (7% O2 and 2% O2), aglycemia, AVP, and O2-glucose deprivation (5-to 120-min exposures) all rapidly activate p38 and JNK in the cells. We also provide evidence that SB-239063 and SP-600125 reduce or abolish ischemic factor stimulation of BBB NKCC activity. These findings support the hypothesis that ischemic factor stimulation of the BBB NKCC involves activation of p38 and JNK MAPKs.
blood-brain barrier; stroke; cerebral edema; bumetanide; SB-239063; SP-600125 ALTHOUGH CEREBRAL EDEMA is a major contributor to morbidity and mortality following ischemic stroke (9, 35) , mechanisms of edema formation remain incompletely understood. Previous studies have shown that, during the early hours of an ischemic insult, brain edema forms by a process involving increased secretion of Na, Cl, and water across an intact blood-brain barrier (BBB) into the brain (4, 45, 53) . This process also involves swelling of perivascular astrocytes as they take up the ions and water transported across the BBB (7, 28, 35) . Vasogenic edema, a process involving influx of ions, water, and other plasma constituents from blood into brain due to significant increases in BBB paracellular permeability, generally occurs several hours after the onset of ischemia (21, 25, 35, 44, 53) . Others and we hypothesized that ischemia-induced stimulation of one or more luminal BBB Na transporters results in increased secretion of Na from blood into brain, as luminal Na influx is functionally coupled to Na-K-ATPase-mediated abluminal Na efflux from the cells (8, 15, 18, 34, 48, 49, 51, 53) . Our previous studies provided evidence that both the luminal BBB Na-K-Cl cotransporter and Na/H exchanger are stimulated by hypoxia, aglycemia, and AVP (8, 18, 33, 37, 48, 49) , prominent factors present during cerebral ischemia. In addition, inhibition of BBB Na-K-Cl cotransporter and Na/H exchanger activities by intravenous administration of bumetanide and HOE-642, respectively, significantly reduces edema, brain Na uptake, and infarct in the rat permanent middle cerebral artery occlusion (MCAO) model of stroke (11, 12, 48, 51) . Thus, targeting these BBB Na transporters appears to be a promising therapeutic avenue for reduction of edema in ischemic stroke. Nonetheless, the signaling pathways whereby ischemic factors stimulate activities of these BBB Na transporters are poorly understood. A number of studies have investigated signaling mechanisms involved in ischemic stroke; however, the vast majority of those studies focused on astrocytes and/or neurons. It is now well recognized that BBB endothelial cells, together with astrocytes and neurons, are major participants in neurovascular unit function (46, 48) in health and disease. In this regard, understanding how BBB endothelial cells respond to ischemia and, among other things, participate in cerebral edema formation is critically important for identifying potential stroke treatments, including development of prophylactic therapies to prevent ischemia-induced edema formation in patients at risk for stroke.
The p38 and JNK MAP kinases (MAPKs) have been recognized as key mediators of cell responses to a variety of stresses, including ischemia (13, 29, 36) . Activation of p38 is achieved by dual phosphorylation (on Thr 180 and Tyr 182 ) by upstream kinases (13, 29, 36) in response to hypoxic or ischemic conditions in a variety of cell and tissue types, including perfused rat heart (5), cultured cortical neurons (63) , and cerebral microvascular endothelial cells (CMEC) (38, 64) . Previous studies have shown that p38 activity is increased in rat cerebral cortex within 15 min of the onset of MCAOinduced ischemia (1, 58) and, furthermore, that the highly selective inhibitor of p38, SB-239063, reduces infarct volume and neurological deficit (1, 2) . Similar to p38, JNK is also activated by dual phosphorylation (on Thr 183 and Tyr
185
) via upstream kinases (13, 29, 36) and can be activated in response to hypoxia and ischemia in a variety of cell types (3, 29, 62) . Previous studies have also shown that JNK is activated by transient ischemia in rat and mouse cerebral cortex and hippocampus (26, 27, 57) and that inhibition of JNK reduces cerebral infarct in rat and mouse models of transient and permanent ischemia (6, 22, 62) . The observations that cerebral p38 and JNK activities are elevated during ischemia and that inhibition of the kinases reduces infarct, together with the finding that the BBB Na-K-Cl cotransporter is also stimulated during cerebral ischemia and appears to contribute to edema formation and infarct, suggest that p38 and/or JNK MAPKs may participate in ischemic factor stimulation of BBB Na-K-Cl cotransporter activity and, thereby, contribute to cerebral edema formation and infarct during ischemic stroke.
Previous studies have shown that AMP-activated protein kinase (AMPK), also known to respond to a variety of stresses (10, 23, 24) , is activated in mouse and rat brain by transient ischemia (40, 43) and that the consequent brain infarct is reduced by the AMPK inhibitor compound C (41, 43) . Recently, we found that ischemic factors, including hypoxia, aglycemia, and AVP, rapidly activate AMPK and increase Na-K-Cl cotransporter activity in CMEC in a manner inhibited by compound C (60). However, we also found that CMEC AMPK activation, while rapid, is transient and not sustained for the duration of elevated Na-K-Cl cotransporter activity (60) . This further suggests that other signaling pathways, in particular p38 and JNK MAPKs, may participate in the BBB endothelial cell response to cerebral ischemia.
The present study was conducted to investigate the involvement of p38 and JNK MAPKs in ischemia-induced stimulation of BBB Na-K-Cl cotransporter activity. We report here that both p38 and JNK activities are rapidly increased in CMEC following exposure to hypoxia, aglycemia, AVP, or O 2 -glucose deprivation (OGD), although the time courses and magnitudes of activation vary with kinase and ischemic factor. We also report that SB-239063 and SP-600125, highly selective inhibitors of p38 and JNK, respectively, reduce or abolish ischemic factor stimulation of CMEC Na-K-Cl cotransporter activity. Finally, we demonstrate the presence of activated p38 and JNK in BBB endothelial cells in situ.
MATERIALS AND METHODS
CMEC culture. Cultured bovine CMEC were maintained in DMEM containing 5 mM D-glucose and 1 mM Na pyruvate and supplemented with 2 mM L-glutamine, 50 g/ml gentamicin, 1 ng/ml basic fibroblast growth factor, 5% calf serum, and 5% horse serum in 95% air-5% CO 2 at 37°C, as described previously (18) . For Western blot and Na-K-Cl cotransporter activity experiments, CMEC were grown on 6-and 96-well plates, respectively, that were coated with 50 mg/l rat tail collagen, 5 mg/l fibronectin, and 10 mg/l bovine serum albumin for 7-10 days until confluent. Growth medium was replaced every ϳ48 h with fresh medium. At 48 h prior to the experiment, the medium was changed to a 50:50 (vol/vol) mixture of fresh DMEM containing 5% calf serum and 5% horse serum and astrocyte-conditioned medium containing 10% FBS. Astrocyte-conditioned medium was prepared using primary cultures of rat neonatal astrocytes, as described previously (49, 50) .
Western blot analysis of p38 and JNK MAPK activation. Abundance of total p38 protein and phosphorylated (activated) p38 (p-p38) protein was assessed by Western blot analysis using antibodies that specifically detect p38 (nonphosphorylated and phosphorylated) or only p-p38. Similarly, abundance of total JNK protein and phosphorylated (activated) JNK (p-JNK) protein was assessed using antibodies that specifically detect JNK (nonphosphorylated and phosphorylated) or only p-JNK. Western blot analysis was performed as described by us previously (37, 60) . For these experiments, CMEC monolayers on six-well plates were placed in a hypoxia chamber (COY Laboratory Fig. 1 . Hypoxia-induced activation of p38. Cerebral microvascular endothelial cell (CMEC) monolayers were exposed to 19% O2 (normoxic control) or 7% or 2% O2 in HEPES-DMEM for 5, 30, 60, or 120 min. Cell lysates were prepared and subjected to Western blot analysis using antibodies that recognize only phosphorylated (activated) p38 (p-p38) or p-p38 and nonphosphorylated p38 (i.e., total p38 protein). A: representative Western blots. Bands shown for p38 and p-p38 are ϳ38 kDa. B: abundance of p-p38. Values at 5-120 min are kinase abundances for 7% and 2% O2 exposures relative to internal normoxic control (0 min) for each experiment and are means Ϯ SE of 8 and 7 separate experiments for 7% and 2% O2, respectively. *Significantly different from normoxic control, P Ͻ 0.05 by 1-tailed paired t-test.
Products, Grass Lake, MI) preset to 37°C with an atmosphere of 5% CO 2 and 19%, 7%, or 2% O2 (normoxia, moderate hypoxia, and severe hypoxia, respectively), as described by us previously (18, 60) . O2 levels in the chamber and in treatment media were verified by the chamber O2 sensor/regulator and by a dissolved O2 sensor (Corning) with a Checkmate II meter (Corning). Immediately after CMEC were placed in the chamber, growth medium was removed, wells were rinsed once with the appropriate treatment medium preequilibrated to the desired O 2 level, and the cells were incubated in that medium for 5, 30, 60, or 120 min. The treatment medium was DMEM with 10 mM HEPES (HEPES-DMEM) containing (in mM) 5.6 D-glucose, 1 At the end of the exposure period, CMEC monolayers were rinsed three to four times with ice-cold PBS plus protease inhibitors (Complete Protease Inhibitor Cocktail, Roche Diagnostic) and phosphatase inhibitors (100 nM NaF and 100 mM Na pyrophosphate). Cells were then lysed with PBS containing 5 mM EDTA, 20 mM HEPES, 150 mM NaCl, 50 nM Na 2HPO4, and 1% SDS plus protease inhibitors and phosphatase inhibitors. Protein contents of the lysates were determined using the bicinchoninic acid method to ensure equal loading of membrane protein into gel lanes. Lysate samples and prestained molecular weight markers (Bio-Rad, Carlsbad, CA) were denatured in SDS reducing buffer containing DTT (Invitrogen NuPage, Carlsbad, CA), heated for 10 min at 70°C, and then loaded onto 12% Tris·HCl gels (PAGE Gold Precast, Lonza, Rockland, ME). Protein was separated by electrophoresis (Mini-Protean II, Bio-Rad, Hercules, CA), and resolved protein was transferred to polyvinylidene fluoride membranes using a Trans-Blot apparatus (Bio-Rad). The blots were rinsed three times in PBS-0.1% Tween, blocked with 7.5% BSA/PBS-0.1% Tween for 1 h at room temperature, and then incubated overnight at 4°C with primary antibodies to p38 (rabbit polyclonal), p-p38 (Thr 180 / Tyr 182 , rabbit polyclonal), SAPK/JNK (rabbit polyclonal), or p-SAPK/JNK (Thr 183 /Tyr 185 , rabbit polyclonal). All antibodies were purchased from Cell Signaling (Danvers, MA) and diluted 1:1,000 in 7.5% BSA/PBS-0.1% Tween. Blots were again rinsed three times with PBS-0.1% Tween and then incubated in 7.5% nonfat dry milk/ PBS-0.1% Tween plus secondary antibody (horseradish peroxidaseconjugated goat anti-rabbit IgG; 1:1,000 dilution; Zymed Laboratories, San Francisco, CA) for 1 h at room temperature. Blots were rinsed three times with PBS-0.1% Tween, and protein was visualized using enhanced chemiluminescence (ECL, GE Healthcare, Buckinghamshire, UK) on a Fuji Film imaging machine (model LAS-4000, Medford, UK). MultiGauge software (Science Lab 2005, Fuji Film) was used to quantitate band density. Densitometry values for kinase abundances observed in hypoxia-, aglycemia-, OGD-, and AVPtreated cells were normalized to their respective normoxic controls, run as an internal standard on each gel. Lane positions for control and experimental lysates were randomized between experiments to avoid lane bias. For these Western blot assays, membranes were also stripped using 10 ml of stripping buffer (2% SDS and 65 mM Tris·HCl, pH 6.8) and 70 l of ␤-mercaptoethanol (14.3 M; Sigma) and then reprobed for ␤-actin using mouse monoclonal antibody (1:5,000 dilution; Abcam, Cambridge, MA).
Na-K-Cl cotransporter activity assay. Na-K-Cl cotransporter activity was assessed as ouabain-insensitive, bumetanide-sensitive K influx, with 86 Rb used as a tracer for K, as described by us previously (49, 50, 60) . These studies were conducted in a hypoxia chamber preset to 37°C with an atmosphere of 5% CO 2 and 19%, 7%, or 2% O2 (normoxia, moderate hypoxia, or severe hypoxia, respectively), as described for Western blot experiments. CMEC monolayers on 96-well plates were pretreated for 30 min with the p38 inhibitor SB-239063 (20 M), the JNK inhibitor SP-600125 (40 M), or vehicle in Fig. 2 . Aglycemia-and O2-glucose deprivation (OGD)-induced activation of p38. CMEC monolayers were exposed to control normoxic HEPES-DMEM, aglycemic normoxic medium (glucoseand pyruvate-free HEPES-DMEM at 19% O2), or hypoxic/aglycemic medium (glucose-and pyruvate-free HEPES-DMEM at 2% O2) for 5, 30, 60, or 120 min. Cell lysates were subjected to Western blot analysis using antibodies that recognize p38 (total kinase) or p-p38 (phosphorylated, active kinase). A: representative Western blots. B: p-p38 abundance. Values are means Ϯ SE of 8 and 7 separate experiments for aglycemia and OGD, respectively. *Significantly different from control, P Ͻ 0.05 by 1-tailed paired t-test.
HEPES-DMEM. Cells were then exposed to normoxia (19% O2) or hypoxia (7% or 2% O2) in HEPES-DMEM or to aglycemia (glucoseand pyruvate-free HEPES-DMEM), OGD (aglycemic HEPES-DMEM at 2% O 2), or AVP (100 nM in normoxic HEPES-DMEM) for 5-120 min. SB-239063, SP-600125, or vehicle was also present throughout the treatment period. During the last 5 min of the treatment period, ouabain (100 M), bumetanide (10 M), or vehicle was added to the treatment medium. To initiate the assay for Na-K-Cl cotransporter activity, 86 Rb (1 Ci/ml) was added to the treatment medium, and the cells were incubated for an additional 5 min. The assay was terminated by aspirating the media and rapidly rinsing wells three times with ice-cold 0.1 M MgCl 2. Cell lysates were prepared using 1% SDS for 86 Rb quantitation using a liquid scintillation counter (Tri-Carb 2500 TR) and protein determination by bicinchoninic acid assay (Pierce, Rockford, IL).
Immunofluorescence detection of BBB endothelial p38 and JNK MAPK in situ. This study was conducted in accordance with the animal use and care guidelines issued by the National Institutes of Health, and the protocol was approved by the Animal Use and Care Committee at the University of California, Davis. Normotensive male Sprague-Dawley rats (250 -300 g body wt; Charles River Laboratories, Wilmington, MA) were anesthetized by injection of pentobarbital sodium (1 mg/kg ip) and then immediately perfusion-fixed, as described by us previously (60) . Briefly, for perfusion fixation, the abdomen of the anesthetized rat was opened, descending aorta and vena cava were clamped, and the chest cavity was opened; then a blunt 15-gauge needle was inserted through an incision in the right atrium, advanced into the ascending aorta, and clamped into place. Ice-cold saline (50 ml) was injected to flush out the blood, then 4% paraformaldehyde (400 ml) was injected (gravity fed, ϳ3 ml/min). The brain was removed and further fixed in 4% paraformaldehyde overnight at 4°C and then in 10% paraformaldehyde for 7 days. Brains were embedded in paraffin, and 5-m sections were mounted on slides. For immunohistochemistry experiments, slides were washed with xylene three times for 5 min, hydrated using an alcohol gradient (100%, 95%, 70%, and 50% ethanol for 5 min each), and then placed in PBS for 5 min. Slides were heated at 70°C in 10 mM Na citrate (pH 6.0, 25 min) for antigen recovery and then allowed to cool for 10 min before immersion in PBS for 5 min. Slides were blocked with 10% goat serum for 2 h at room temperature and then incubated overnight at 4°C with primary antibody (1:50 dilution) in 2% goat serum. The antibodies were as follows: p38 (rabbit polyclonal), p-p38 (Thr 180 / Tyr 182 , rabbit polyclonal), SAPK/JNK (rabbit polyclonal), and p-SAPK/JNK (Thr 183 /Tyr 185 , rabbit polyclonal). All kinase antibodies were obtained from Cell Signaling (Danvers, MA). We also used antibodies to detect glial fibrillary acidic protein (GFAP, guinea pig polyclonal), an astrocyte-specific marker, and SMI 71, a BBB endothelial cell-specific marker (mouse monoclonal). GFAP and SMI 71 (both used at 1:1,000 dilution) were purchased from Covance (Emeryville, CA). After incubation with primary antibodies, slides were washed in PBS three times for 5 min each and then incubated with secondary antibody (1:400 dilution in 2% goat serum; Alexa 488 anti-rabbit IgG and Alexa 546 anti-guinea pig IgG or Alexa 546 anti-mouse IgG; Molecular Probes, Eugene, OR). Slides were again washed in PBS three times for 5 min each and then dehydrated through an alcohol gradient (50%, 70%, 95%, and 100% ethanol for 5 min each). Finally, slides were washed in xylene three times for 5 min, excess xylene was removed with a KimWipe, and a coverslip was mounted using Permount (Fisher, Pittsburgh, PA). After 24 h, multichannel imaging was performed with a confocal microscope (model LSM 510, Zeiss) using a ϫ63 or ϫ40 oil objective. Lasers with excitation wavelengths of 488 and 543 nm were used for Alexa 488 and Alexa 546, respectively. Emission wavelengths were set at 505-to 530-nm band pass for Alexa 488 and at 560-nm long pass for Alexa 546.
Materials. DMEM and L-glutamine were purchased from GIBCO-BRL (Grand Island, NY), gentamicin from AG Scientific (San Diego, CA), FBS and calf serum from Hyclone (Logan, UT), horse serum and fibronectin from Sigma (St. Louis, MO), bumetanide and ouabain from INC Biomedicals (Costa Mesa, CA), 86 Rb from Perkin-Elmer (Welles, MA), and SB-239063 and SP-600125 from Calbiochem (San Diego, CA).
Statistics. Values are means Ϯ SE; all means represent at least five experiments. Statistical analyses were done using GraphPad Prism 4 software. For kinase protein abundance and Na-K-Cl cotransporter activity, analysis of differences among treatment groups was performed by one-way ANOVA or one-tailed paired t-test P Ͻ 0.05 was considered significant.
RESULTS

Ischemic factors activate p38 MAPK in CMEC.
If p38 MAPK is involved in ischemic factor stimulation of BBB Na-K-Cl cotransporter activity and the rapid development of edema that occurs during the early hours of ischemic stroke, we predict that one or more ischemic factors will increase activity of the kinase in these cells with a time course similar to that observed for edema formation, i.e., within 30 min. To test this, we evaluated p38 activity in cultured bovine CMEC following exposure to hypoxia, aglycemia, AVP, or OGD over a time course of 5-120 min. Total p38 protein and p-p38 were Fig. 3 . AVP-induced activation of p38. CMEC monolayers were exposed to control normoxic medium (glucose-containing HEPES-DMEM) or AVP (100 nM) in normoxic medium for 5, 30, 60, or 120 min. Cell lysates were subjected to Western blot analysis using antibodies that recognize p38 (total kinase) or p-p38 (phosphorylated, active kinase). A: representative Western blots. B: p-p38 abundance. Values are means Ϯ SE of 7 separate experiments. *Significantly different from control, P Ͻ 0.05 by 1-tailed paired t-test.
assessed by Western blot analysis using antibodies that detect p38 (nonphosphorylated and phosphorylated) and antibodies that detect only p-p38. As shown inFig. 1A, Western blot analysis of lysates prepared from CMEC exposed to 7% O 2 or 2% O 2 (moderate or severe hypoxia, respectively) revealed prominent bands for p38 and p-p38 at ϳ38 kDa. Densitometric analysis of multiple Western blots (Fig. 1B) showed statistically significant increases in p-p38 abundance following 5-, 30-, 60-, and 120-min exposures to 7% O 2 (1.63-, 1.92-, 2.52-, and 2.91-fold, respectively) and 5-, 60-, and 120-min exposures to 2% O 2 (1.66-, 1.75-, and 2.02-fold, respectively), indicating that p38 is rapidly activated in CMEC by moderate or severe hypoxia. Abundance of p-p38 following 30 min of exposure to 2% O 2 also appeared to increase (1.79-fold), but the increase did not reach statistical significance (P ϭ 0.08). Abundance of total p38 protein was not altered by 7% or 2% O 2 at any of the exposure times. Figure 2 shows that exposure of CMEC to aglycemia or OGD also increased activation of p38. Abundance of p-p38 was significantly increased by 5, 30, 60, and 120 min of exposure to aglycemia (1.28-, 1.79-, 2.52-, and 3.02-fold, respectively), although only the 120-min value reached statistical significance (P ϭ 0.058 for the 60-min value). Exposure of CMEC to OGD for 60 or 120 min also increased p-p38 abundance (3.11-or 4.57-fold, respectively). No significant increases in p-p38 were observed for OGD following 5-or 30-min exposures. As with the hypoxia experiments of Fig. 1 , we found that abundance of total p38 protein did not change in response to aglycemia or OGD at any of the exposure times evaluated (data not shown). We further found that AVP (100 nM) also activated p38 in the CMEC (Fig. 3) , with exposures of 5, 30, and 120 min significantly increasing p-p38 (1.7-, 1.52-, and 4.14-fold, respectively). The increase in p-p38 abundance following 60 min of AVP exposure (1.56-fold) did not reach statistical significance. Abundance of total p38 protein did not change following exposure to AVP at any of the times evaluated, indicating that, as with hypoxia, aglycemia, and OGD, changes in total p38 protein were not involved in these ischemic factorinduced increases in p-p38.
Ischemic factors activate JNK MAPK in CMEC. If JNK MAPK participates in ischemic factor-induced stimulation of BBB Na-K-Cl cotransporter activity and formation of edema during ischemic stroke, we predict that one or more ischemic factors will also cause a rapid increase in activity of this MAPK. To test this, we used Western blot methods with antibodies that specifically recognize total (phosphorylated and nonphosphorylated) JNK or p-JNK. As shown in Fig. 4A , Western blot lysates prepared from CMEC exposed to 7% or 2% O 2 for 5-120 min revealed prominent bands for p-JNK and JNK at ϳ46 and 54 kDa, the predicted molecular sizes for JNK ␣-and ␤-subunits, respectively (59). Densitometric analysis (Fig. 4B) Figure 5 shows that exposure of CMEC to aglycemia or OGD also increased p-JNK abundance, although with a more delayed onset than observed for hypoxia. We found that p-JNK abundance was significantly increased by 30, 60, and 120 min of aglycemia (1.40-, 1.81-, and 2.59-fold, respectively) and 60 and 120 min of OGD (2.25-and 2.10-fold, respectively). As shown in Fig. 6, 30 -, 60-, and 120-min exposures to AVP (100 nM) also caused significant increased in CMEC p-JNK abundance (1.49-, 1.67-, and 1.75-fold, respectively). As with hypoxia, we found that total JNK protein levels in the CMEC were not altered by aglycemia, OGD, or AVP at any of the exposure times (data not shown), indicating that ischemic factor-induced activation of JNK did not involve changes in total JNK protein.
Ischemic factor-induced stimulation of CMEC Na-K-Cl cotransporter activity is dependent on p38 MAPK activity.
A role for p38 MAPK in stimulation of BBB Na-K-Cl cotransporter activity during ischemic stroke would predict that inhibiting activation of the kinase should reduce or abolish the elevated cotransporter activity observed in the presence of ischemic factors. In previous studies, we demonstrated that hypoxia, aglycemia, OGD, and AVP all stimulate CMEC Na-K-Cl cotransporter activity after exposures of 30 -120 min (18, 60) . Thus, in the present study, we evaluated Na-K-Cl cotransporter activity of CMEC following exposure to hypoxia, aglycemia, OGD, or AVP (30, 60, 90 , and 120 min) in the presence or absence of SB-239063, the highly selective second-generation p38 inhibitor (1, 2). We found that hypoxiainduced stimulation of CMEC cotransporter activity, assessed as bumetanide-sensitive K influx, was abolished by 20 M SB-239063 (Fig. 7) . Whether the cells were exposed to moderate or severe hypoxia (7% or 2% O 2 , respectively), SB-239063 reduced cotransporter activity in the presence of hypoxia to levels not significantly different from normoxic control cotransporter activity. Similar results were found for CMEC exposed to aglycemia in the presence of SB-239063 (Fig. 8) . The p38 inhibitor abolished the aglycemia-induced increase in CMEC cotransporter activity at all exposure times. In experiments evaluating the dose-response effect of SB-239063 (0 -60 M) for inhibition of CMEC cotransporter activity in the presence of 7% O 2 or aglycemia, we found maximal inhibition at 20 M for both ischemic factors (data not shown). Figure 8 also shows that, for cells exposed to OGD or AVP, SB-239063 significantly reduced, but did not abolish, the ischemic factor-induced increase in cotransporter activity at all exposure times. For all experiments shown in Figs. 7 and 8, SB-239063 did not reduce Na-K-Cl cotransporter activity under control, normoxic conditions, indicating that inhibition of p38 activity reduced or abolished ischemic factor stimulation of the cotransporter without altering basal cotransporter activity during normoxia.
Ischemic factor-induced stimulation of CMEC Na-K-Cl cotransporter activity is dependent on JNK MAPK activity. If JNK MAPK is involved in stimulation of BBB Na-K-Cl cotransporter activity during ischemia, then we should see not only that ischemic conditions activate JNK but also that inhibition of the kinase reduces or abolishes ischemic factor stimulation of the cotransporter. Thus we also evaluated the effects of the JNK inhibitor SP-600125 on CMEC Na-K-Cl cotransporter activity following exposure of the cells to hypoxia (7% O 2 ) or aglycemia. As shown in Fig. 9 , we found that SP-600126 (40 M) abolished the increase in CMEC Na-K-Cl cotransporter activity with hypoxia or aglycemia (30 min exposure). We also found that SP-600125 inhibition of JNK significantly reduced Na-K-Cl cotransporter activity of CMEC Fig. 5 . Aglycemia-and OGD-induced activation of JNK. CMEC monolayers were exposed to control normoxic HEPES-DMEM, aglycemic normoxic medium (glucoseand pyruvate-free HEPES-DMEM at 19% O2), or hypoxic-aglycemic medium (glucose-and pyruvate-free HEPES-DMEM at 2% O2) for 5, 30, 60, or 120 min. Cell lysates were subjected to Western blot analysis using antibodies that recognize JNK (total kinase) or p-JNK (phosphorylated, active kinase). A: representative Western blots. B: p-JNK abundance. Values are means Ϯ SE for 8 and 9 separate experiments for aglycemia and OGD, respectively. *Significantly different from control, P Ͻ 0.05 by 1-tailed paired t-test.
exposed to control (normoxic, normoglycemic) conditions, suggesting that JNK participates in maintenance of CMEC cotransporter activity, even in the absence of ischemic conditions. In additional experiments evaluating the effects of SP-600125 (0 -60 M) on inhibition of CMEC Na-K-Cl cotransporter activity following exposure of the cells to normoxia or aglycemia, we found maximal inhibition at 40 M under both conditions (data not shown).
Detection of p38 and JNK MAPKs in BBB endothelial cells in situ.
To determine whether our findings regarding p38 and JNK involvement in ischemic factor stimulation of CMEC Na-K-Cl cotransporter activity are relevant to BBB endothelial cells in vivo, we conducted an initial investigation of p38 and JNK in cerebral microvessels of perfusion-fixed rat brain. We used confocal immunofluorescence microscopy and antibodies to detect total and phosphorylated p38 and JNK in the brain slices, along with antibodies to specifically identify BBB endothelial cells and perivascular astrocytic endfeet. Figure 10 shows representative confocal images of perfusion-fixed rat brain generated using antibodies specific for p38 and p-p38, together with antibodies that detect the astrocyte marker GFAP or the BBB endothelial cell-specific marker SMI 71. Figure  10A shows images obtained using antibodies for p38 or p-p38 and GFAP. p38 can be observed in the BBB endothelial cells. Merged p38 and GFAP images reveal that p38 is also present in perivascular astrocytes. p-p38 is also detected in the BBB endothelial cells and the perivascular astrocytes (Fig. 10A,   bottom) . Figure 10B shows images obtained with antibodies for p38 or p-p38 and SMI 71. Here again, p38 and p-p38 are observed in the endothelial cells, as well as in surrounding brain parenchymal cells. Negative control images (for Fig. 10,  A and B) , generated using only secondary antibodies reveal little to no fluorescence in the absence of primary antibodies. Figure 11 shows representative confocal images of perfusionfixed rat brain generated using antibodies specific for JNK and p-JNK, along with antibodies for GFAP or SMI 71. In Fig.  11A , JNK and p-JNK can be observed in BBB endothelial cells, as well as perivascular astrocytes. In Fig. 11B , JNK and p-JNK are also observed in the BBB endothelial cells, as well as in surrounding brain parenchymal cells. Here again, in the negative control images (using secondary antibodies only), little to no fluorescence is observed. These initial investigations reveal that p38 and JNK are present in BBB endothelial cells in situ. 
DISCUSSION
Previous studies have shown that BBB Na-K-Cl cotransporter activity is stimulated by factors present during cerebral ischemia, including hypoxia, aglycemia, and AVP (8, 18, 33, 49) , and we previously showed that bumetanide inhibition of BBB cotransporter activity reduces edema and infarct in the rat MCAO model of cerebral ischemia (11, 51) . These findings suggest that the BBB Na-K-Cl cotransporter is a promising therapeutic target for reducing edema formation in ischemic stroke. The signaling pathways responsible for ischemic factor stimulation of the BBB Na-K-Cl cotransporter are not well understood; yet identification of these pathways could lead to therapies that would reduce or prevent ischemia stimulation of the cotransporter in patients at risk for stroke. Several kinases, including AMPK and the p38 and JNK MAPKs, are known to be activated in the brain by ischemia (17, 29, 30, 47, 56, 57, 61) . In addition, pharmacological inhibition of these kinases decreases injury in stroke (2, 3, 38, 39, 55, 62) . However, whether any or all of these kinases participates in ischemic factor stimulation of BBB Na-K-Cl cotransporter activity and ischemia-induced edema formation has not been known. We recently demonstrated that AMPK is rapidly activated in BBB endothelial cells by ischemic conditions and that inhibition of AMPK activity abolishes ischemic factor stimulation of the BBB Na-K-Cl cotransporter (60) . In the present study, we demonstrate that p38 and JNK MAPKs are also rapidly activated by ischemic factors in BBB endothelial cells and that pharmacological inhibition of these kinases reduces or abolishes ischemic factor stimulation of the BBB Na-K-Cl cotransporter. We also provide evidence that p38 and JNK are present and active in BBB endothelial cells in situ. Together, these findings suggest that the signaling pathways by which ischemic factors stimulate BBB Na-K-Cl cotransporter activity involve activation of p38 and JNK MAPKs in addition to AMPK.
Our present studies reveal that p38 and JNK are activated in CMEC by hypoxia, aglycemia, AVP, and OGD. However, the time courses of activation vary depending on the kinase and ischemic factor. With respect to p38, moderate and severe hypoxia, as well as aglycemia and AVP, activate the kinase in CMEC within 5 min in a manner that is sustained through at least 120 min. JNK is also activated by hypoxia within 5 min, but the activation is not sustained beyond 30 min. In contrast, aglycemia and AVP activate JNK by 30 min, with activation sustained through 120 min. For p38 and JNK, severe hypoxia plus aglycemia (OGD) produces a delayed activation, occurring after 60 or more minutes. In none of these cases does the total amount of p38 or JNK change, indicating that activation of these kinases does not involve changes in the expression of the kinase proteins. It is noteworthy that the pattern for ischemic factor activation of p38 MAPK in the BBB endothelial cells is clearly one of rapid onset (by 5 min) for hypoxia, aglycemia, and AVP, with elevated activity throughout the 120-min experiment. The JNK MAPK pattern of activation, while more variable, is similar in trend to that of p38 MAPK, in that it is a sustained response. This is in contrast to our previous finding that ischemic factor activation of AMPK is also rapid (occurring by 5 min) but short-lived, falling back to control levels within 30 min (60). Determining whether and how ischemic factors affect the activation and/or expression levels of p38 and JNK following exposures beyond 120 min will require further investigation. In any case, our observed time courses of p38 and JNK activation in CMEC following exposure to hypoxia, aglycemia, or AVP are consistent with a role for the kinases in ischemia stimulation of the BBB Na-K-Cl cotransporter, given that when CMEC are exposed to these factors, elevated cotransporter activity is observed within 5-15 min and is sustained through 120 min or beyond (18, 49) . Our findings are also consistent with previous studies from other laboratories that have demonstrated activation of p38 and JNK in rodent brain following induction of cerebral ischemia. In a study of rats subjected to permanent MCAO, p38 activation was observed at 1, 3, and 6 h following onset of ischemia (earlier times were not evaluated) (1) . Permanent MCAO in mice increased activation of p38 and JNK after 10 min of ischemia, with activation sustained through 30 and 360 min for p38 and JNK, respectively (61) . In studies of ischemia-reperfusion, p38 and JNK were increased in mouse brain as early as 5 min of reperfusion following ischemia (57) and by 5-15 min after transient forebrain ischemia in gerbils (16, 56) . With respect to BBB endothelial cells, p38, but not JNK, activation was found to increase in human CMEC at 2-24 h following anoxia-reoxygenation (38) , while in bEnd.3 cells (immortalized human CMEC), p38 and JNK activation was observed after 16 -20 h of exposure to anoxia, but not after 8 h (the earliest time examined) (64) .
The present study also demonstrates that SB-239063 inhibition of p38 abolishes the ability of hypoxia and aglycemia to stimulate CMEC Na-K-Cl cotransporter activity and markedly reduces stimulation by AVP and OGD, an effect sustained throughout the 120-min observation period. While SB-239063 effectively interferes with ischemic factor stimulation of Na-K-Cl cotransporter activity, we also found that it does not alter cotransporter activity under control, normoxic conditions. This suggests that administration of the p38 inhibitor prior to ischemic stroke may be a valuable approach to prevent ischemia stimulation of BBB cotransporter activity and edema formation without affecting cotransporter activity in the healthy, normoxic patient. We also show here that SP-600125 inhibition of JNK abolishes the ability of hypoxia and aglycemia to stimulate CMEC Na-K-Cl cotransporter activity. Unlike SB-239063, however, SP-600125 does reduce Na-K-Cl cotransporter activity under control, normoxic conditions. This suggests that JNK plays a role in maintaining baseline activity of the BBB cotransporter in healthy, nonischemic cells. These initial studies of SP-600125 were carried out following only 30 min of exposure to hypoxia or aglycemia. Additional studies are needed to address the effects of the inhibitor at prolonged exposure times. The observation that SP-600125 reduces cotransporter activity under control conditions suggests that it is less ideal for use as a preventative therapy in patients at risk for stroke, although additional studies are certainly needed to more fully evaluate the effects of the inhibitor for use in this capacity. In addition, future experiments are needed to evaluate the effects of SB-239063 and SP-600125 on ischemia-induced cerebral edema formation. The findings of our present experiments investigating kinase inhibitor effects of BBB Na-K-Cl cotransporter activity further support the hypothesis that p38 and JNK MAPKs are involved in ischemic factor stimulation of BBB cotransporter activity, thereby participating in edema formation during the early hours of ischemic stroke.
Our studies further demonstrate that p38 and JNK proteins are present in BBB endothelial cells in situ. Staining of perfusion-fixed rat brain slices with antibodies specific to these kinases along with antibodies to identify BBB endothelial cells and astrocytes revealed that p38 and JNK are present in BBB endothelial cells, as well as in astrocytes. In these experiments, we found p-p38 and p-JNK in control, nonischemic brain. This is consistent with our Western blot studies showing a low level of p-p38 and p-JNK, even in control, normoxic CMEC. In preliminary studies, we also found detectable p-p38 and p-JNK in brains of rats subjected to 30 min of MCAO. Additional studies are needed to evaluate BBB p-p38 MAPK and p-JNK abundances at different times following induction of ischemia to determine whether and over what time course these kinases are activated in the BBB endothelial cells in situ during cerebral ischemia. Previous studies investigating p38 and JNK in brain reported the presence of the kinases in the brain without concern as to the cell type or used markers to identify µ µ Fig. 9 . SP-600125 inhibition of hypoxia-and aglycemia-stimulated CMEC Na-K-Cl cotransporter activity. CMEC monolayers were pretreated for 30 min with SP-600125 (40 M) or vehicle and then exposed for 30 min to normoxic control (19% O2 in HEPES-DMEM), hypoxia (A, 7% O2 in HEPES-DMEM), or aglycemia (B, glucose-and pyruvate-free normoxic HEPES-DMEM) and SP-600125 (40 M) or vehicle. CMEC Na-K-Cl cotransporter activity was assessed as ouabain-insensitive, bumetanide-sensitive K influx. Pretreatment conditions were maintained throughout the assay. Values are means Ϯ SE for 6 and 5 separate experiments for 7% O2 and aglycemia, respectively. *Significantly different from vehicle, P Ͻ 0.05 by 1-tailed paired t-test. #Significantly different from normoxic control, P Ͻ 0.05 by 1-tailed paired t-test.
the kinases in neurons and/or astrocytes (1, 16, 56, 57, 61) without examining distribution in brain vasculature. In addition, previous studies examining these kinases in BBB endothelial cells were limited to in vitro cultured CMEC experiments. To our knowledge, the present study provides the first demonstration that p38 and JNK are indeed present and active in BBB endothelial cells in situ.
Determining the downstream events by which p38 and/or JNK MAPKs increase activity of the BBB Na-K-Cl cotransporter will require further investigation. Our previous studies showed increased phosphorylation of CMEC Na-K-Cl cotransporter (NKCC) protein following exposure of the cells to hypoxia or AVP (18) . In those studies, we found significant increases in p-NKCC following 30, 90, and 180 min of exposure to 7% O 2 and following a 10-min exposure to AVP (the only time evaluated for AVP). While our investigations support the hypothesis that ischemia activates p38 and JNK MAPKs, which in turn phosphorylate NKCC and increase cotransporter activity in BBB endothelial cells, our findings do not preclude the involvement of other kinases. Previous studies of Na-K-Cl cotransporter stimulation by reduced intracellular Cl concentration and cell shrinkage showed that STE20/SPS1-related proline/alanine-rich kinase (SPAK) and odd-skipped related 1 (OSR1) directly bind to, phosphorylate, and increase activity of NKCC1 (14, 31) . SPAK and OSR1 are activated by upstream kinases that include the with no lysine (WNK) kinases WNK1, WNK3, and WNK4 (14, 20, 31, 32) . Other upstream kinases, e.g., PKC␦ and PKC, have been found to activate SPAK/OSR1 in airway epithelial cells (54) and lymphocytes (42) . There is also evidence that WNK can cause trafficking of NKCC1 to the plasma membrane, thereby increasing activity of the cotransporter in a SPAK/OSR1-independent manner (19) . Whether WNK and/or SPAK/OSR1 participate in p38 and JNK MAPK stimulation of BBB Na-K-Cl cotransporter activity remains to be determined in future studies. In the context of how p38 MAPK may link to stimu- Fig. 10 . Immunofluorescence detection of p38 and p-p38 in blood-brain barrier (BBB) endothelial cell in situ. Perfusion-fixed normoxic rat brains were embedded in paraffin, sectioned (5 m), and mounted on glass slides. Paraffin was removed, sections were lightly rehydrated, and immunohistochemistry was performed with antibodies for p38, p-p38, and the astrocyte marker glial fibrillary acidic protein (GFAP, A) or the BBB endothelial cell marker SMI 71 (B). Multichannel imaging of brain sections was performed with a Zeiss LSM 510 confocal microscope using a ϫ63 (A) or a ϫ40 (B) oil objective. p38 and p-p38 (green) are detected in BBB endothelial cells adjacent to the vessel lumen (black) and surrounding cells outside the endothelium. GFAP (red) can be seen in astrocytes surrounding the BBB endothelial cells (A), and SMI 71 (red) can be seen in BBB endothelial cells adjacent to the vessel lumen (B). Merged images show p38 and p-p38 in endothelial cells (green in A, orange-yellow in B), as well as in astrocytes (orange-yellow in A). For A and B, negative control images were generated using secondary antibodies only. Scale bars, 20 and 10 m for top and bottom, respectively, in A and 10 m for top and bottom in B.
lation of Na-K-Cl cotransporter activity, it is noteworthy that a previous study showed coimmunoprecipitation of p38 MAPK with the Na-K-Cl cotransporter in mouse brain lysates, suggesting an interaction of these two proteins (52) .
In summary, the present study provides evidence that p38 and JNK MAPKs are activated during cerebral ischemia and contribute to ischemia-induced stimulation of BBB Na-K-Cl cotransporter activity. Together with our previous finding that intravenous bumetanide inhibition of BBB Na-K-Cl cotransporter activity reduces edema and infarct in the rat permanent MCAO model of stroke, this suggests that activation of p38 and JNK promotes edema formation during ischemic stroke. Our recent finding that compound C inhibition of AMPK activity greatly reduces ischemic factor stimulation of CMEC Na-K-Cl cotransporter activity, but that AMPK activation is relatively brief (5-30 min only) (60) , suggests that other signaling pathways likely contribute to the increased Na-K-Cl cotransporter activity that is sustained through at least 120 min in the presence of ischemia. The present observation that p38 activation by all ischemic factors evaluated is sustained through at least 120 min, as is JNK activation by aglycemia, AVP, and OGD, suggests that these MAPKs may work in concert with AMPK to bring about sustained stimulation of the BBB cotransporter. Elucidating whether and how these signaling pathways interact to stimulate BBB events during cerebral ischemia will require further investigation. Additional studies are also needed to determine whether inhibitors of AMPK, and the p38 and JNK MAPKs, alone and in combination, effectively reduce edema formation in ischemic stroke. Future investigations will also need to clarify signaling components , yellow in B) , as well as in astrocytes (yellow in A). For A and B, negative control images were generated using secondary antibodies only. Scale bars, 10 m.
